Sporadic outbreaks of foot-and-mouth disease (FMD) have occurred in Libya for almost fifty years. During the spring of 2013, a countrywide serosurvey was undertaken to assess the level of FMD virus circulation and identify FMD virus serotypes in the country. A total of 4221 sera were collected, comprising samples from large ruminants (LR; n=1428 samples from 357 farms) and small ruminants (SR; n=2793 samples from 141 farms). FMD sero-prevalence of NSP antibodies determined by ELISA were 19.0% (271/1428) with 95% CI (16.9 -21.0) and 13.5% (378/2793) with 95% CI (12.3 -14.8) for LR and SR samples, respectively. The sero-prevalence of NSP antibodies in LR was 12.3% and 19.8% for age group < 1 year and ≥ 1 year, respectively (X 2 = 4.95, P= 0.026), while in SR was 3.7%, 13.6% and 21.3% for age group < 1 year, 1-2 year and > 2 year, respectively (X 2 = 118.1, P= 0.000). These observed NSP serologic profiles support the hypothesis of an endemic level of FMD circulation in Libya. All positive sera were tested for SP antibodies for O, A and SAT-2 FMD virus serotypes. Serotype O was the dominant circulating serotype followed by serotype A, while evidence of SAT-2 was not found. These data provide an insight into the wider epidemiology of FMD in Libya, and contribute to field and laboratory investigations that during 2013 serotype O (O/ME-SA/Ind-2001 lineage) was isolated from clinical samples collected from the country.
Introduction
Foot-and-mouth disease (FMD) is a highly contagious disease caused by FMD virus (FMDV), which belongs to the Picornaviridae family, genus Aphthovirus. FMDV has seven serotypes: O, A, C, Asia 1, SAT-1, SAT-2 and SAT-3 (OIE, 2012) . FMD is known to be present in Libya, and periodic outbreaks have occurred since 1959 (Samuel et al., 1999) . As reported in the molecular epidemiology/genotyping reports of the World Reference Laboratory (WRLFMD; The Pirbright Institute, UK) only three serotypes have been confirmed in Libya: O (since 1959 and many following years until 2013), A (1979 and 2009) and SAT-2 (2003 and (Samuel et al., 1999; Knowles et al., 2016; WRLFMD, 2016) . Libya currently is qualified in stage 1 of the Progressive Control Pathway (PCP-FMD) (FAO-OIE, 2012) . Following a huge number of FMD outbreaks in 2012 all over the country, mass vaccination was introduced in Libya by the end of 2012 using inactivated purified vaccine (Merial®) against serotypes O (strains: O Manisa + O 3039), A (strain: A Iran 05) and SAT-2 (strains: ERI + ZIM). Large ruminants (LR) were vaccinated against O, A and SAT-2, whereas small ruminants (SR) were vaccinated only against O and A. In order to gain a better understanding of the epidemiological situation in the country, a cooperation agreement was signed (in 2012) between the Libyan Ministry of Agriculture represented by the Libyan National Center of Animal Health (NCAH), and the Italian Government represented by Ministry of Health. Specific activities were designed and conducted in collaboration with the Istituto Zooprofilattico Sperimentale della Lombardia e dell'Emilia Romagna (IZSLER) in Brescia, Italy, an OIE/FAO FMD reference laboratory. A surveillance system was designed by Libyan, FAO, EuFMD and IZSLER experts, and was then implemented during the year 2013. This project had a structure of three main components: (I) Collection of samples from clinically affected animals in FMD suspected outbreaks: samples (vesicular epithelium, swabs, blood) for virus isolation and identification have been collected from suspected cases during the second half of 2013 from different areas in the country; (II) Evaluation of the immune response of vaccinated animals by collecting blood samples at the point of initial vaccination (day 1) and 30 days post vaccination, and (III) Investigation of the level of FMD virus circulation by detection of nonstructural proteins (NSP) antibodies, and the serotypes present by detecting of structural proteins (SP) serotype-specific antibodies by the collection of sera samples from all over the country. This study was focused mainly on the third of these components to measure the level of NSP antibodies as indicator of past or current FMDV infection, irrespective of the vaccination status. Subsequently SP antibodies were also tested to gather information on the circulating FMDV serotypes, furthermore, and for vaccinated animals, this will show the level of antibodies following vaccination. The wider aim of this work was to support surveillance activities that are required in order for the country to progress from PCP-FMD stage 1 to stage 2. These studies complemented phylogenetic analysis of sequences recovered from FMD virus positive samples collected from Libya that indicated a strain belonging to O/ME-SA/Ind-2001 lineage, which is derived from the Indian subcontinent, was circulating in the country (Valdazo-González et al., 2014; Knowles et al., 2016) .
Materials and Methods

Study area
Libyan NCAH is responsible for seven regional animal health branches (Green Mountain, Benghazi, Middle Area, Zawiyah, Tripoli, West Mountain and Sabha). These animal health branches provide public veterinary services to cover the whole country. This study exploited samples from many Libyan cities that were collected by the National Veterinary Services. Sampling strategy and study design FMD susceptible animals in Libya are mainly cattle, sheep and goats. The LR (cattle) population in the country is around 150,000 and 6,500,000 for SR (sheep and goats). The sampling scheme varied according to the species. For each randomly selected owner, a questionnaire was completed by the veterinarian in order to get some basic information about the owner, the farm, collected samples and some risk factors. For LR, a random selection of owners from different regions of the country was carried out. From each of the randomly selected farms, a maximum of 10 individual blood samples (the preferred age was 6-18 months) from the herd (all cows were sampled if the total number of animals was less than 10) were collected from two age categories: (I) 6-12 months of age and (II) over than 12 months of age. For SR, a two stage sampling design was carried out in order to randomly select owners from all over the country who have at least 100 heads per herd. From each herd a total number of 48 samples were collected from three age categories: (I) 16 samples from the 6 months to less than 12 months age; (II) 16 from animals between 12 and 24 months of age and (III) 16 from animals that were more than 24 months of age. Study animals and sample size A total number of 4,221 serum samples were collected during the year 2013 from LR and SR in Libya. For LR, a total number of 1428 serum samples were collected from 357 farms from 29 cities. Whereas for SR, a total number of 2,793 serum samples were collected from 141 farms from 39 cities.
Serological testing
The samples were analysed in Brescia, Italy, at IZSLER, an OIE/FAO FMD reference laboratory. Different tests, developed at IZSLER, were used: (i) a NSP-ELISA (3ABC-ELISA) for the detection of antibodies against NSP; these are elicited after an infection and are common to all FMDV serotypes; (ii) a series of three competitive ELISAs for the detection and serotyping of antibodies to the SP of FMDV serotypes O, A and SAT-2, in order to indirectly identify the viral serotypes circulating in Libya.
NSP-ELISA
The serological assay used to detect anti-NSP antibodies was the previously validated 3ABC-trapping ELISA, (Brocchi et al., 2006) , in the format of readyto-use kit, with pre-sensitized ELISA immuno-plates, peroxidase-conjugated anti-ruminant IgG, control sera and TMB chromogen, produced at IZSLER, Brescia, Italy. According to a previous validation study, the diagnostic performance of the IZSLER-Brescia kit are comparable to those of the OIE index test (Panaftosa-screening ELISA) described in the Diagnostic Manual of the World Organization for Animal Health. In particular, the specificity exceeds 99% and the sensitivity varies depending on the time elapsed after infection and on the previous vaccination status, achieving 100% for nonvaccinated cattle exposed to infection and 86.4% for the detection of carriers in vaccinated cattle (Brocchi et al., 2006) .
Monoclonal antibody (MAb)-based Solid Phase Competitive ELISA (SPCE)
Ready-to-use kits developed and produced by IZSLER have been used for detection and titration of antibodies against FMDV serotypes O, A and SAT-2 (Brocchi et al., 2012; Dho et al., 2014) . The common principle of each assay corresponds to a solid phase competitive ELISA (SPCE) based on a peroxidase-conjugated, neutralizing monoclonal antibody (MAb), specific for a FMDV serotype. In the ready-to-use kit, ELISA microplates are supplied precoated with inactivated FMDV antigens captured by http://www.openveterinaryjournal.com I. Eldaghayes et al. Open Veterinary Journal, (2017) , Vol. 7(1): 1-11 ________________________________________________________________________________________________________ 3 homologous serotype-specific MAbs. Appropriately diluted sera are incubated with the trapped antigen, enabling the specific antibodies present in the sample to bind to the antigen. Then, the anti-FMDV serotypespecific MAb, conjugated with peroxidase, is dispensed: its reaction with the homologous antigen will be inhibited by antibodies of positive sera previously bound to the virus, while in case of negative sera the conjugated MAb can bind to the FMDV antigen. After incubation, the unbound conjugate is removed by washing and the TMB substrate/chromogen solution is delivered into wells. A colorimetric reaction develops if the conjugated MAb has bound to the virus, i.e. if test serum is negative, while colour development is inhibited by positive sera. Antigen and conjugate concentrations are precalibrated in order to give a suitable reaction value (OD). After addition of a stop solution, the optical density of the developed color is read by a microplate photometer. Serum samples can be screened at a single dilution 1/10, to obtain a simple qualitative (positive/negative) result; in the present study all sera were titrated by analyzing serial dilutions and the endpoint titre was calculated as the highest dilution inhibiting 50% reaction. The test can be applied to measure antibodies in serum or plasma samples of FMDV infected or vaccinated animals of any susceptible species. Since antibodies cross-reactive among different serotypes may be elicited and are detectable by ELISA assays, type-specificity cannot be perfect. However, significant differences in titres against different serotypes may help in interpretation.
Data analysis:
The data collected was entered into Microsoft Excel spreadsheet and coded for analysis. The seroprevalence for FMD NSP antibodies was standardized by using the following formula: Direct adjusted sero-prevalence= ∑ Sero-prevalence % (SP) X Reference population distribution (RPD) over all age group strata (Fleiss, 1973) . The NSP sero-prevalence in each age-group was estimated as
Where n is the total number of animals counted in the specific age-group considered. Whereas if at least one positive NSP animal was found in a one farm or a city, then this farm or city was considered as FMD positive. For each age-group; the age related risks of infection were estimated through the following equation (Vynnycky and White, 2010) :
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Where: St is the proportion of susceptible in the generic t age-group and St-1 is the proportion of susceptible in the preceding age-group. The age-specific monthly incidence rate mt (monthly force of infection) was calculated according to the following:
Where: The average age at of the SR in each age-group as well as the difference (at -at-1) between two adjacent age-groups were estimated. Pearson's chi-square tests were used to detect significant differences in seropositivity among and between age groups. Epidemiologic data (location and serotypes) were mapped. In all the analysis, the confidence level was set at 95% and p<0.05 set for significance. The Correlation between number of animals and the sero-prevalence of FMD at city level was calculated using Pearson Correlation.
Results Using the NSP ELISA test, the sero-prevalence estimated in LR and SR was 19.0% (271/1428) with 95% CI (16.9-21.0) and 13.5% (378/2793) with 95% CI (12.3-14.8) respectively (Table 1 ). The age standardized sero-prevalence of FMD in the two species was 18.3 with 95% CI (2.4-34.3) and 15.5 with 95% CI (4.1-26.9) for LR and SR respectively ( Table  2) .
The distribution FMD sero-prevalence in NCAH branches:
The standardized sero-prevalence was calculated for the seven NCAH branches. For SR: the highest seroprevalence was in Benghazi (25.8%) and Tripoli (22.1%) branches followed by West Mountain (13.2%), Middle Area (12.3%), Green Mountain (9.3%) and Sabha (7.7%) and the last Zawiyah (0.9%) ( Fig. 1 and Table 3 ). For LR: the highest sero-prevalence was in Green Mountain (28.4%) and Benghazi (23.2%) branches followed by Zawiyah (15.4%), Sabha (15.1%), Tripoli (14.8%) and West Mountain (6.8%) and last was in Middle Area (5.7 %) ( Fig. 2 and Table 3 ). The age distribution of sero-prevalence of FMD: There were significant differences in the seroprevalence estimated among the age groups in SR (X 2 = 118.1, P= 0.000). The sero-prevalence of FMD in SR was 3.7, 13.6 and 21.3 for age groups < 1 year, 1 -2 year and > 2 year respectively. The prevalence risk ratio was 3.3 with 95% CI (2.3 -4.9) and 5.7 with 95% CI (4.0 -8.3) for age group 1 -2 year and > 2 year respectively comparing to < 1 year (Table 4) . Also in LR, there were significant differences in the sero-prevalence estimated among the age groups (X 2 = 4.95, P= 0.026). The sero-prevalence of FMD was 12.3 and 19.8 for age groups < 1 year and ≥ 1 year respectively with risk ratio 1.6 with 95% CI (1.04 -2.5) as shown in Table 4 .
http: //www.openveterinaryjournal.com I. Eldaghayes et al. Open Veterinary Journal, (2017) , Vol. 7(1): 1-11 ________________________________________________________________________________________________________ The estimated monthly incidence rate was 4.2 per 1,000 animals between 0 and 8.9 months of age that increased up to 9.9 per 1,000 animals between 8.9 and 19.8 months and then dropped to 3.3 per 1,000 animals once the animals reached an average age of 47.9 months (Table 5) . Circulating FMD serotypes: All NSP positive samples were subjected to SP ELISA for O, A and SAT-2 serotypes. The majority of the SR positive samples were serotype O (65.9%), then A (25.7%) and only 0.3% for SAT-2. The serotype O varied within the branches from 0 -81.6% whereas serotype A ranged from 12.3 to 100. In LR: the mean level of serotype O among NSP positive samples was 45.9% which ranged within the branches from 14.3 -100%, whereas the mean level of serotype A was 41.7% ranging from 0 -67.8%, while serotype SAT-2 was lower at 0.8%. The overall percentage of O serotype in less than oneyear age group for both SR and LR was almost two times higher than A serotype. The percentage of O serotype was higher in Green Mountain, Benghazi, Zawiyah and West Mountain whereas the percentage A serotype was higher in Middle Area, and Sabha Branch http://www.openveterinaryjournal.com I. Eldaghayes et al. Open Veterinary Journal, (2017) , Vol. 7(1): 1- 11 ________________________________________________________________________________________________________ 6 for SR (Table 6 ; Fig. 3 and 4) . There was moderate correlation between the sero-prevalence of FMD in LR and the number of SR (Pearson Correlation value, 0.632 with p-value 0.000), low correlation between the sero-prevalence of FMD in cattle and the number of LR (Pearson Correlation value, 0.386 with p-value 0.042) and low correlation between the number of SR and cattle (Pearson Correlation value, 0.479 with p-value 0.002) as shown in Table 7 .
Discussion
A surveillance study for FMD is an essential requirement before practical attempts are made to control the disease. For instance, in a vast country like Libya, with an area approaching 1,760,000 km 2 , and six neighbouring countries where four FMDV serotypes (O, A, SAT-1, and SAT-2) are known to prevail (records), besides illegal animal movement along most of the borders, the task of FMD control is challenging. http: //www.openveterinaryjournal.com I. Eldaghayes et al. Open Veterinary Journal, (2017) , Vol. 7(1): 1-11 ________________________________________________________________________________________________________ 7 Our results suggest that FMD is endemic in Libya and the working hypothesis is that the virus is maintained mainly through the SR population. This hypothesis was supported by the profile of NSP antibodies in SR that showed a progressive increase in the sero-positivity concordant with the increasing average age of the animals tested with OR vary from 3.3 to 5.7 for age group 1-2 year and >2 years compared to <1 year age group, in contrast to LR where OR only 1.6 for ≥ 1 year age group compared to <1 year of age group. An additional reason that may lead to consider SR as //www.openveterinaryjournal.com I. Eldaghayes et al. Open Veterinary Journal, (2017) , Vol. 7(1): 1-11 ________________________________________________________________________________________________________ 8 candidate reservoirs of FMD virus in Libya is their relatively high number (6,500,000 approximately) in comparison with the estimated total population of LR (approximately 150,000 heads) with a ratio SR/LR ~44/1. Furthermore, the livestock movement and transhumance or nomadism practices of SR are common practice in Libya. Another relevant element identified through our study is that the correlation between number of animals and the sero-prevalence of FMD at city level was moderate between the seroprevalence of FMD in LR and the number of SR (Pearson Correlation value, 0.632 with p-value 0.000) and low correlation between the sero-prevalence of FMD in cattle and the number of LR (Pearson Correlation value, 0.386 with p-value 0.042). Such a combination of factors could determine that the clinical disease in SR (already difficult to be recognized) may go undetected, also because of the relatively low number of cases occurring in the overall population, the disease may then be clearly seen only once it spillovers in LR where the clinical signs are more apparent. For the above-mentioned reasons, sheep might act as a source of infection for cattle. Therefore, sheep vaccination would be an effective way to limit the spread of FMD outbreaks. In general, vaccination against FMD in LR, and sometimes also in SR is the common strategy used in North Africa and Middle East in order to control the disease. Vaccines used in these countries were from a wide variety of sources, including producers based within the region, or from international vaccine producers. FMD control in this region is not an easy task to be done due to the lack of relevant and harmonised surveillance programmes and the lack of transparency and collaboration between these countries. The long borders between countries in the region and the illegal animal movement between neighbouring countries make disease control even more difficult. Furthermore, some countries are not able to secure constant and continuous financial funding and budgets for FMD surveillance and control programmes. Bravo de Rueda et al. (2015) developed a method to determine the (partial) reproduction ratios (R) for mixed populations of cattle and sheep by using published experimental transmission data and evaluated different vaccination strategies, and concluded that "vaccination of cattle only in mixed population consisting of sheep and cattle will in most cases be sufficient for controlling FMDV epidemics". In Libya, one possible approach for the vaccination programme could be: (i) to protect LR against clinical disease with an extensive vaccination programme; (ii) to better characterise risk hotspots and transmission pathways among the SR population which should possibly lead to formulate a preventive program targeting the sub-populations where the risk of infection will be estimated to be higher. It will be extremely important, if such approach is adopted, to thoroughly review the definition of a suspected case among SR as the overall sensitivity for detecting FMD would significantly decrease if LR were vaccinated. During the first quarter of 2012, Libya had an epidemic of FMD all over the country (in average of 18 FMD infected herds per day; unpublished data). A mass vaccination was introduced in Libya by the end of 2012 to reduce the negative economic impact of FMD. In our results, both for SR and LR, serotype O was the highest followed by serotype A. In Sudan, the main FMDV circulation in seven states in 2010 in cattle was A (78.1%), O (69.4%), SAT-2 (44.0%) and SAT-1 (20.2%) whereas in sheep was O (27.5%), SAT-2 (9.1%), A (8.7%) and SAT-1 (5.1%) (Habiela et al., 2010) . Another study in Khartoum state Sudan by Noureldin and Elfadil (2014) found that serotype O (82.6%) and SAT-2 (40%) were the main circulating FMDVs in cattle. Raouf et al. (2012) in a study conducted in western Sudan showed positive results for SAT-2 (40%) and O (25%). In Egypt, serotype O (19.5%) and A (14.9%) were detected in sheep (Hassan et al., 2011) . In this study, a sero-positive rate of 18.3% with 95% CI (2.4 -34.3) was detected in cattle, which was similar to other studies conducted in Malaysia, Bangladesh and Somaliland (Hasaballa and Abbo, 2010; Sarker et al., 2011; Elnaker et al., 2012) . These values are in contrast to the FMD sero-prevalence study conducted in the neighbouring country of Sudan where higher values of 79.2% (Habiela et al., 2010) and 25-56% in south of Sudan (Ochi et al., 2014) were detected. It is not easy to compare the results for this study (Libya) with other studies due to the variety of different involving factors. Some examples of these factors would be: the differences in husbandry management, size of herd, total number of LR, presence of reservoirs (no buffaloes in Libya), the immunity status of cattle, the breed, the sampling design, the sensitivity and specificity of the diagnostic test, etc. For LR, higher FMD sero-prevalence in the eastern part of the country might be associated with the transhumance and nomadism practices compared to other branches. Whereas, the lower sero-prevalence of FMD was in the Middle Area and West Mountain branches, that might be due to the small number of LR population in these areas. The sero-prevalence in cattle revealed increasing of positive cases as the age increases (higher in older animals). This finding was similar to results obtained in other studies (Kahn et al., 2002; Gelaye et al., 2009; Sarker et al., 2011; Ochi et al., 2014) . One explanation for that is that young cattle are always kept in pen and closed areas with less exposure and contact with other http: //www.openveterinaryjournal.com I. Eldaghayes et al. Open Veterinary Journal, (2017) , Vol. 7(1): 1-11 ________________________________________________________________________________________________________ 9 animals. Another study by Kahn et al. (2002) , noticed that adult cattle that kept for long time with history of previous infection act as chronic carriers. The high prevalence in old age group is likely due to constant reexposure to FMD and indicates the cumulative experience of the population with the agent (Murphy et al., 1999) . However, few other studies showed higher FMD sero-prevalence in calves than adult cattle (Perry et al., 2003; Rufael et al., 2008) . The standardized FMD sero-prevalence of 15.5% with 95% CI (4.1-26.9) was obtained for SR livestock. These results were almost similar to those reported in Egypt (18.4%) by Hassan et al. (2011) where higher prevalence was reported in males (29%) than females (13%). In India, 20.4% sheep and 13.6% goats were found to be FMD NSP positive (Rout et al., 2014) . Higher sero-prevalence was reported in Sudan (24.3%) (Habiela et al., 2010) . In another study conducted in India showed that the overall sero-prevalence was 38% in goats (Ranabijuli et al., 2010) . For SR, the sero-prevalence varied between different Libyan NCAH branches. The highest FMD seroprevalence reported in Benghazi and Tripoli branches (Tripoli and Benghazi are the two main cities of Libya with about 2/3 of the total Libyan inhabitants), might be associated with the herd management and movement of animals towards the two big cities as well as these two cities have large number of livestock markets. The present study revealed that there was statistical association between age of SR animals and seropositive rate for FMD (P<0001). In another study in South Sudan, Ochi et al. (2014) found that the FMDsero-prevalence in sheep < one-year-old was 12.5% and 31% in age group > 3 year. The age-related risks of infection for FMD in SR were estimated for the three age groups to evaluate the effect of the FMD vaccination that was applied during last quarter of the year 2012. Animals at age < one-year-old were not exposed to 2012 FMD outbreaks, therefore, these animals were expected to provide information about recent infections, whereas the older animals may have experienced the extensive 2012 FMD outbreaks. Before FMD outbreaks (the effect of years before 2012), the estimated monthly incidence rate per 1000 animals for FMD was 3.3 cases. During the year of the FMD outbreak (2012) the monthly incidence rate increased dramatically to 9.9 per 1000 animals. Following the vaccination, the monthly incidence rate decreased to 4.2 per 1000 animals. The results of the monthly incidence rate can be counted as an indicator and an indirect measurement for the efficacy and the success of the mass vaccination campaign. In conclusion, the present study indicates that FMD has been circulating in large areas of Libya and the majority of the outbreaks were undetected because of inadequate national disease surveillance systems. The NSP serologic profile observed in both small and large ruminants supports the hypothesis of an endemic level of FMDV. While in 2013, serotype O (O/ME-SA/Ind-2001 lineage) was the only serotype isolated from clinical samples, a deeper evaluation of SP antibodies titers cannot rule out the concurrent presence of serotype A. Further research should be conducted to get better understanding of the livestock production, data collection on the management system and risk factors analysis. Therefore, findings provide insight information on the epidemiology of FMD, scientifically sound strategies could be developed for disease control to limit the effect of FMD on Libyan animal livestock.
